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INTRODUCTION
The post-harvest processes involved in ground beef production pose a risk to the product microbial safety even under the most cleanest of conditions. In addition, as a rich nutrient matrix, meat provides an excellent media for growth and survival of pathogenic bacteria (Ayemerich et al., 2008; Chen et al., 2012) causing ground beef to often be ources for food-pathogen related outbreaks. Escherichia coli and Salmonella are important food-borne pathogens associated with ground beef and responsible for large numbers of food-borne illness cases in the United States (Edwards and Fung 2006; Mead et al., 1995) . Although many effective decontamination interventions have been found and practiced in the beef industry, the concerns associated with the cost, environmental impact, and deleterious impact on ground beef quality attributes, as well as new pathogen emerging give emphasis to the continuous search for new and effective methods of bacterial decontamination methods available to the beef industry. Escherichia coli O157:H7 was responsible for many outbreaks including the incident of 700 cases of enterohemorrhagic illness among people who ate undercooked ground beef in 1993 (Edwards and Fung 2006) . On the other hand, non-O157 shiga toxin strains have emerged and especially six serotypes O26, O45, O103, O111, O121, and O145 have been associated with large outbreaks of human disease (Nataro and Kaper, 1998). Further, the U.S. Department of Agriculture Food Safety and Inspection Services highlights the need for further research to reduce Salmonella Typhimurium type 104 (DT104) in meat as it exhibits multi-drug resistance patterns to many antibiotics along with food-borne illness challenges (Hogue et al., 1997) . Therefore, applications of decontamination interventions targeting beyond the traditional pathogenic bacteria in the ground beef production line are a crucial step for the beef industry to enhance product microbial safety. Ground beef consumers not only demand for microbial safety but also look for natural ingredients, natural flavor and color, and fewer chemicals present in the product. Organic acids are natural constituents of many foods (Roller, 2003) and are Generally Recognized as Safe (GRAS) antimicrobials (Smulders and Geer 1998) . The bactericidal and bacteriostatic efficacy of aqueous organic acids (1-3%) in reducing microbial populations in meat carcass processing has been reported ( Cutter and RiveraBetancourt (2000) spray treatments of 2% acetic acid or 2% lactic acid on beef surfaces may effectively reduce E. coli O111:H8 and Salmonella Typhimurium DT 104 to the same extent as E. coli O157:H7 and Salmonella Typhimurium, respectively. In contrast, some research found organic acids were ineffective against inhibiting the growth E. coli on beef carcasses (Brakate et al., 1993; Greer and Dilts 1992) . The mechanism of action of organic acids on microbial cells has been attributed to cytoplasmic acidification below the microbial growth range along with metabolic inhibition caused by accumulation of undissociated acid molecules (Levine and Fellers 1940). However, organic acid decontamination efficacy largely depends on the type of meat tissue, the type and initial load of microbial contamination (Sofos and Smith 1998) application methods (Edwards and Fung 2006) and acid concentration (Smulders and Geer 1998). Peroxyacetic acid, a GRAS equilibrium mixture of hydrogen peroxide and peracetic acid, is found to be effective against a variety of pathogenic and spoilage organisms in meat decontamination Although acetic acid, citric acid, lactic acid have been used in meat decontamination interventions, it would be of value to consider other food grade organic acids which are general metabolic intermediates and have no known toxic health effects at concentrations potential to control or inhibit pathogenic bacteria in ground beef. In recent years, much research specified the importance of antimicrobial interventions on beef trimmings as a pre-grinding treatment in controlling microbial populations in ground beef (Pohlman et al., 2009; 2002a; 2002b; Quilo et al., 2010) . In addition, scientific evidence support that multiple hurdles approach may obtain greater reduction of microbial populations than using a single intervention (Pohlman et al., 2009; 2002a; 2002b) . The spray application via electrostatic atomization of liquid is an emerging technology that has the potential to be used in beef antimicrobial decontamination interventions as it has the ability to produce very even and uniform antimicrobial liquid coating applications (AbuAli and Barringer 2005). Therefore, the objective of this study was to explore multiple chemical hurdle intervention strategies using peroxyacetic acid followed The objective of this study was to evaluate the effectiveness of antimicrobial interventions using peroxyacetic acetic acid (PAA) followed by novel organic acids on beef trimmings prior to grinding with conventional spray (CS) or electrostatic spray (ES) on ground beef microbial populations and color. Beef trimmings (80/20; 25kg) were inoculated with E. coli O157:H7, non-O157:H7 shiga toxin producing (STEC) E. coli (EC) and Salmonella spp. (SA) at 10 5 CFU/g. Inoculated trimmings (1.5 kg /treatment/replicate, 2 replicates) were treated with CS application of 0.02% PAA alone or followed by CS or ES application of 3% octanoic acid (PO), 3% pyruvic acid (PP), 3% malic acid (PM), saturated solution of fumaric acid (PF) or deionized water (W). Findings from this study suggest that PA as a single or multiple chemical hurdle approach with malic, pyruvic, octanoic and fumaric acid on beef trimmings may be effective in reducing E. coli O157:H7 as well as non-STEC serotypes and Salmonella in ground beef up to day 2 of simulated retail display. Results of this study showed that instrumental color properties of ground beef treated with peroxyacetic acid followed by organic acids had little or no difference (P > 0.05) compared to the untreated un-inoculated control ground beef samples. The results also indicate that ES application of some organic acids may have similar or greater efficiency in controlling ground beef microbial populations compared to the CS application of the same acid providing a more economical and waste manageable decontamination approach.
by under-utilized organic acids such as octanoic, pyruvic, malic and fumaric acid on beef trimmings to control pathogenic bacteria in ground beef and its impact on ground beef instrumental color attributes. Further the efficiencies of electrostatic spray and conventional spray application methods were compared to develop cost-conscious intervention approaches targeted at maximum reduction of traditional bacteria as well as the new emerging strains with a negligible impact on quality attributes.
MATERIAL AND METHODS

Microorganisms
Escherichia coli O157:H7, non-O157:H7 Shiga toxin producing E. coli O26, O103, O111, O121, O45 and O145 (EC), Salmonella Typhimurium DT 104, and S. Newport (SA) were used in this study. All strains were grown in Brian Heart Infusion broth (BHI; DIFCO, Detroit, USA) at 37 °C and stored at -80°C in BHI with 20% glycerol (w/v; Amresco, Solon, USA) and maintained in BHI-agar (1.5%) slants at 4°C.
Inoculum preparation and growth condition
One loop of each strain from BHI-agar slants was inoculated into 10 ml individual aliquots of BHI. They were incubated for 18 hours at 37°C for 18 hours, non-shaking. Bacterial pellets were obtained by centrifugation (3500g for 20 minutes at 37°C) and were re-suspended in the same volume with buffered peptone water (BPW; Difco, Detroit, USA). Then, equal volumes of each strain was mixed together and further diluted with BPW to achieve a 10 5 CFU/ml ninestrain cocktail mixture of EC and SA, and stored at 4 °C until further use.
Meat Inoculation
Frozen beef trimmings (80 lean/20 fat; 41 kg) obtained from Cargill Meat Solutions (Plainview, USA) were thawed, divided equally, and placed in sterile biohazard bags. The cocktail mixture of E.coli (EC) and Salmonella (SA) at10 5 CFU/g was incorporated into the trimming and mixed to acquire an even inoculum distribution on the beef trimmings. Then, the inoculated trimmings were separated into 1.5 kg batches (replicate/treatment) and left overnight at 4C to allow bacterial attachment (Pohlman et al., 2009; 2002a; 2002b) .
Treatment application
As per manufacturer's recommendations, peroxyacetic acid treatment application was confined to a conventional spray system. The beef trimmings (1.5 kg/treatment/replicate), prearranged on stainless steel trays, were first treated with conventional spray (~0.1ml/g) applications of 0.02% peroxyacetic acid (PA; FMC, Philadelphia, USA) as a single intervention or followed by conventional (CS) or electrostatic spray (ES; Electrostatic Spraying Systems, Watkinsville, USA) applications (~0.06ml/g) of 3% malic acid (PM; Sigma Aldrich, St. Louis, USA), 3% pyruvic acid (PP; Sigma Aldrich, St. Louis, USA), 3% octonoic acid (PO; Sigma Aldrich, St. Louis, USA), and a saturated solution of fumaric acid (PF; Sigma Aldrich, St. Louis, USA). The PA-treated samples were allowed to drip for 3 min prior to and after assigned second antimicrobial applications (2 replicates / treatment). Inoculated beef trimmings were also treated with the conventional and electrostatic spray applications of de-ionized water (W) at the same rates used in antimicrobial applications and allowed to drip for 3 min. Each treatment was applied two times. Untreated inoculated samples were retained as a control (CON).
Meat processing
Following treatment application, all treated and untreated inoculated (CON) beef trimmings were ground (American Eagle, 32 cm chopper plate) twice and 200g of individual samples were placed on plastic foam trays and over wrapped with polyvinyl chloride film (O2 transmission rate = 14,000cc/mm2/24h/1atm; Koch, Kansas City, USA). The ground beef packages were displayed under retail condition (4°C; 1,630 lx of deluxe warm white fluorescent lighting; Phillips Inc., Somerset, USA) and sampled on day 0, 1, 2, 3, and 7 day of display for microbial analysis and CIE L*, a* and b* and reflectance measurements. The pH of ground beef was monitored (homogenized mixture of 1.8 g of ground beef and 18 ml of distilled water; (Quilo et al., 2009 ) at 27 °C, using a Orion pH meter with Orion Ross ultra electrode (Fisher Scientific, Houston, USA) at day 0, 1, 2, 3, and 7 days of display (Pohlman et al., 2009; 2002a; 2002b) .
Microbial enumeration
On the appropriate day of display, a sample of 25 g was aseptically removed from each ground beef sample and placed in sterile whirlpack bags (Nasco, Ft Atkinson, USA) separately. These samples were incorporated with 225 ml of 0.1% buffered peptone water and homogenized for 2 minutes using a stomacher (Seward, London, UK). Subsequently, serial 10-fold dilutions were made and duplicate spread plated (SA counts on Salmonella shigella agar (DIFCO, Detroit, USA), aerobic plate count (APC), and E. coli (EC) / coliform (CO) counts on Petrifilm ® (3M, St. Paul, USA). The EC, APC and ST counts were read after 48 h incubation at 37 °C (VWR Scientific, West Chester, USA) whereas coliform plates were read after 24 h (Pohlman et al., 2009; 2002a; 2002b) .
Instrumental color
Instrumental color was measured (n=3/treatment) using a Hunter-Lab MiniScan XE Spectrocolorimeter (Reston, USA). Prior to measurements of samples, the Spectrocolorimeter was standardized using a white tile, black tile and working standards (Pohlman et al., 2002a; 2002b) . The ground beef samples were evaluated for CIE L* (lightness), a* (redness), and b* (yellowness) using Illuminant A/10 observer. Additionally, a reflectance measurement in the 580 to 630 nm visible spectrum was acquired. The hue angle, saturation index and reflectance ratio were calculated as (arctan (b*/ a*),
, and (630/580 nm), respectively (Quilo et al., 2009a; 2009b) .
Statistical analysis
The experimental design was a randomized complete block. The experimental design included antimicrobial treatments, application methods and 5 display days (0, 1, 2, 3 and 7) as factors in the randomized complete block design. Treatments were blocked by replicate and then analyzed for the main effects of antimicrobial treatment, day of display and treatment by day interactions. Least squares means for significant main effects were identified using the LSMEANS and separated using the PDIFF option of SAS (version 9.2, SAS Institute Inc., Cary, USA).
RESULTS AND DISCUSSION
Ground beef microbial populations
Coliform A significant reduction (P < 0.05) in coliform counts in all treated-ground beef was noticeable compared to the inoculated un-treated control on day 0 (Table  1 .1). However, ground beef processed from PA, W and PM treatments by CS application, PM, PP, and PF treatments by ES application achieved over 1 log reduction (P < 0.05) of ground beef coliforms (CO) compared to CON. Considering all the treatments and application methods, PM (1.8 log) and PP (1.75 log) by CS method were more efficient in CO log reduction (P < 0.05) for day 1 of display. On the other hand, PA, W and PF by ES, PP by CS treatments exceeded (P < 0.05) the other treatments in controlling CO counts with more than 1 log reduction on day 2 of display. None of the treatments showed significant CO reductions (P > 0.05) on day 7 of display. The PP treatment applied through ES system outperformed the CS application in controlling ground beef CO population on day 0 of display. Nevertheless, there was no significant difference (P > 0.05) between CS vs. ES methods of W, PM, PO and PF treatments in ground beef CO reduction on day 0 of display. Therefore, ES application of these antimicrobials was able to achieve similar CO reduction as CS, but with much less antimicrobial usage and over-spray wastage. .12 Coliform count (log Colony Forming Units/g) reported as least squares means along with ± standard error. a-d Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Escherichia coli
Ground beef processed from PA, W, and PP, treatments applied through CS method achieved 1 log reduction or more in Escherichia coli (EC) on day 0 of display (Table 1. 2). The PM, PP treatments applied through CS outperformed all the other treatments and achieved the lowest (P < 0.05) EC count compared to the control on day 1 of display with up to or above 1.9 log reduction. However, PO and PF treatments by both application methods together with PM and PP applied through the ES system also possessed significantly lower (P < 0.05) EC counts compared to the control with 1 or more log reduction on day 1 of display. While PA along with ES application of PP, PO, and PF showed > 1 log reduction, CS application of PM and PP treatments accounted for > 2 log reduction in EC counts on day 2 of display. The CS and ES application methods showed no difference (P >0.05) in lowering EC counts for PP, PO, or PF treatments on day 3 of display. On the contrary, PP and PM treatments were more efficient (P < 0.05) with the CS application method compared to the ES method in lowering ground beef EC populations on day 1 and 2 of display, respectively. 01 Escherichia coli count (log Colony Forming Units/g) reported as least squares means along with ± standard error. a-g Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Aerobic plate counts
The PA and PO-treated ground beef through CS application lead by CS application of PP, showed the lowest (P < 0.05) aerobic plate count (APC) on day 0 of display (Table 1. 3). On day 1 of display CS application of PM treatments along with PP and PF treatments applied by both methods obtained over 2 log reduction of ground beef APC. The PF treated ground beef through CS application reported the lowest (P < 0.05) APC with 2.05 log reduction on day 2 of display. Although ground beef from PP treated ground beef by ES had less performance (P < 0.05) compared to CS, it accounted for more than 1 log reduction of APC on day 2 of display. Further, the PP by ES treatment was able to maintain a 1.02 log reduction of APC on day 3 of display. Both ES and CS treatment application methods of PO and PF treatments showed a similar (P > 0.05) efficiency in controlling ground beef APC on day 1 of display. All treatments regardless of application method were effective for reducing (P < 0.05) APC by day 7 of display. a-h Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Salmonella
Ground beef processed from PA, ES application of PM, PP, and PF along with CS application of PP and PO reduced (P < 0.05) Salmonella (ST) population with over 1 log reduction on day 0 of display (Table 1.4). These treatments together with PO treatment through ES and CS application of PM and PF had significantly lower (P < 0.05) Salmonella populations compared to CON on days 1 and 2 of display. The CS application of PP had the lowest (P < 0.05) ground beef Salmonella count on day 7 of display. The ES applications of PM and PP had a greater (P < 0.05) ST count reductions compared to CS applications of same organic acids on day 0 of display. However, PM, PP, and PF treatments applied by both methods showed similar (P > 0.05) ST reduction on day 1 of display. By day 1 of display, all treatments and application methods, with the exception of W applied by CS, were effective (P < 0.05) for reducing Salmonella counts. Total Salmonella species (log Colony Forming Units/g) reported as least squares means along with ± standard error. a-h Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Ground beef instrumental color properties
The PA, W, PM and PF treated ground beef had similar lightness (L*) (P > 0.05) to CON on days 0, 1, 3 and 7 of display regardless of the treatment application method (Table 2 .1). Ground beef from beef trimmings treated with PP by both application methods had similar lightness to the CON on days 0, 3 and 7 of display. In contrast, the ground beef processed from PO treatment applied by the ES method was significantly (P<0.05) lighter compared to the control through the entire duration of display. .39 Lightness (L*) reported as least squares means along with ± standard error, a-c Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Excluding ES applications of PP and PF treatments, all the treatments, despite of application method, had similar (P > 0.05) redness (a*) to CON on day 0 of display (Table 2. 2). However, ground beef from PP and PF applied with ES showed higher redness (P<0.05) values compared to the control on day 0 of display. All the treatments applied through CS and ES methods, except ES application of malic acid on day 7 of display, maintained a similar redness to control during days 1 through 7 of display. The treatment and application method did not show an effect on ground beef yellowness on days 0 through 7 of display with all treatments being similar in yellowness to the control and each other (Table 2. 3). .97 Redness (a*) reported as least squares means along with ± standard error. a-c Least squares means within a column with different superscripts differed significantly (P < 0.05). * Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application. Yellowness (b*) reported as least squares means along with ± standard error, Least squares means did not differ (P > 0.05). *Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
The hue angles of ground beef from all treatments showed no difference (P > 0.05) on days 0 and 7 of display (Table 2 .4). On day 1 of display, only W treatment by both application methods and PO by ES method showed a similar hue angle (P>0.05) to the control sample. All the treatments except CS application of PP, irrespective of application method, showed similar hue angle (P>0.05) to the control ground beef on days 2 and 3 of display. All treated samples possessed a saturation index similar (P > 0.05) to control throughout the display time except ES applications of PF on day 0 of display (Table 2 .5).
Therefore, with the exception of PF applied by ES on day 0 of display, all treatments were as vivid in color throughout display as the control. Additionally, all treatments had similar reflectance ratio (estimated oxymyoglobin content) compared to CON on days 0, 3 and 7 of display (Table 2 .6). Hence, antimicrobial or application method had little impact on myoglobin state, keeping similar oxymyoglobin content as the control. Hue angle [tan -1 (b*/a*)] reported as least squares means along with ± standard error. a-c Least squares means within a column with different superscripts differed significantly (P < 0.05). *Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application. Least squares means within a column with different superscripts differed significantly (P < 0.05). *Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. ** **Application methods: CS = conventional spray application, ES = electrostatic spray application. Reflectance ratio (580/630 nm) reported as least squares means along with ± standard error, a-c Least squares means within a column with different superscripts differed significantly (P < 0.05). *Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application. specified the antimicrobial effect of the organic acids primarily caused by nondissociated form of organic acid. Once diffused into bacterial cells, nondissociated organic acids will dissociate into anions and protons which force an inhibitory effect on microorganisms. Because the excretion of protons from the cell is energy consuming process, it will eventually deplete bacterial metabolism leading the cells to death. In addition the anions also can interfere with processes in the cytoplasm. According to Skrivanova et al. (2006), the structure of organic acids may play a role in diffusion into the cell and thus acids with a shorter chain may have a stronger lethal effect. Meat pH is one of the major factors that determines microorganism growth and most organisms grow well at pH value of 7 (Jay et al., 2005) . Although, reduction in microbial populations for all treatments on day 0 -3 of display of our study might be the result of lowered initial surface pH, less reduction of microbial populations on day 7 might be attributed to the buffering of pH values of the treated and untreated ground beef samples, pushing the pH higher over display time (Figure 1 ).
Figure 1 Ground beef pH values with different treatments and spray application methods
Legend:
Treatments: CON = untreated inoculated control, PA = 0.02% peroxyacetic acid; W = deionized water, PM = 0.02% peroxyacetic acid followed by 3% malic acid, PP = 0.02% peroxyacetic acid followed by 3% pyruvic acid, PO = 0.02% peroxyacetic acid followed by 3% octanoic acid, PF = 0.02% peroxyacetic acid followed by saturated solution of fumaric acid. **Application methods: CS = conventional spray application, ES = electrostatic spray application.
Fumaric acid is a dicarboxylic acid and a very important acidulent agent and an antifungicide in the food industry (Dang et al., 2009) . Among all the organic acids tested, fumaric acid had very poor water solubility. However, it showed a comparable antimicrobial effect to other organic acids tested. As stated by Lilard (1988), bacteria became entrapped in crevices on tissue surfaces, such as beef trimmings, may impair antimicrobial efficiency. Therefore, efficient treatment application methods are important in enhancing antimicrobial performances. Utilizing a liquid electrostatic coating system is quite feasible for decontamination applications in beef plants and has the ability to produce very even liquid electrostatic coatings efficiently (Abu-Ali and Barringer 2005). A study by Ganesh et al. (2010) reported 2% malic acid in combination with 3% Grape Seed Extract (GSE) or lactic acid applied by electrostatic spray lowered S. Typhimuium counts on spinach by 2.6 -3.3 log CFU and produced higher inhibition of pathogens than conventional spray applications. Our results also showed electrostatic application of some organic acids may have similar or greater efficiency in controlling ground beef microbial populations compared to the conventional spray application of the same acid. Even though it is assumed that organic acids potentially could accelerate the oxidation of myoglobin causing undesirable quality attributes, previous research recognize the extent of treatment variability is responsible for such changes (Smulder and Geer, 1998). Spray application of 1 or 2 % acetic or lactic plus mixture on beef steaks (Dixon et al., 1987) or beef strip loins (Acuff et al., 1987) showed no effect in meat color whereas dip application of 2 % lactic or acetic on beef steaks showed discoloration (Kotula and Thelappurate, 1994). As reported by Quilo et al., (2009a, 2009b) , the application of 0.02% peroxyacetic as a single antimicrobial intervention on beef trimmings prior to grinding had the ability to improve redness in resulting bulk ground beef or patties. Correspondingly, our treated samples, on most occasions, showed similar or enhanced redness to the untreated control ground beef. The effectiveness of octanoic acid based treatment as post-leathality interventions to reduce L. monocytgenes on ready-to-eat (RTE) meat and poultry products was reported by Burnett et al. (2007) . Additionally, these treatments demonstrated minimum impact on sensory quality.
CONCLUSION
Peroxyacetic acid alone or followed by conventional or electrostatic spray application of malic, pyruvic, octonoic or fumaric acid on beef trimmings may be effective in reducing E. coli O157:H7 as well as non-STEC serotypes and Salmonella species through 2 days of display. These interventions had no or little interference on quality attributes of ground beef such as ground beef color. The ES application of organic acids established a cost-conscious treatment application with less antimicrobial usage as well as less waste management. Therefore, the outcome of this study opens new avenues for cost-effective utilization of natural organic acids in more efficient decontamination interventions in ground beef production lines to reduce pathogens of recent concern.
